Dry deposition of particles is an important way of aerosol removal from the atmosphere and a key process in surface-atmosphere exchanges. The deposition velocities, Vd, are often parameterised in air quality and climate modelling as function of the friction velocity, * , atmospheric stability, and particle size (if size-segregated information is available). In this work, a study of the correlation between Vd and * over different surfaces is presented for both PM2.5 and particle number fluxes. Results indicate an almost linear increase of Vd with u * with slopes similar for PM2.5 fluxes and particle number fluxes over the different surfaces analysed. This means that the ratios Vd/u * tend to collapse over similar values even if Vd and * are significantly different because * take into account most of the surface effects. There is a limited difference between stable cases and unstable/neutral cases with slightly lower deposition velocities in stable cases for fixed values of * . The average value of Vd/ * is 0.010 ± 0.0017 (median 0.0062 ± 0.0015) (considering all stabilities) and 0.0097 ± 0.002 (median 0.005 ± 0.001) for stable cases. This could be the base for an empirical parameterisation of deposition velocities in air quality models.
Introduction
Atmospheric aerosol particles are generated by both anthropogenic and natural sources and through chemical and physical processes in the atmosphere. The dynamics of atmospheric aerosols is highly complex, involving particle formation, growth, and surface exchange processes [1] . Effects of aerosols include direct and indirect climate forcing through the absorption and scattering of incoming solar radiation and the formation of clouds by condensation nuclei activation [2, 3] , reduction of visibility [4] , and impact on human health [5] [6] [7] [8] . Dry deposition of particles is a key process in atmospheresurface exchange. It is a continuous process that gives a significant contribution to atmospheric particles removal in most environments. The analysis and the parameterization of the processes affecting vertical transport and exchange of particles are a relevant research topic for air quality and climate modelling [9] [10] [11] . There are several possible methods to investigate dry deposition of aerosol; however, in the last several years the eddy-covariance method (EC) became widely used to investigate dry deposition velocities over several typologies of surfaces [12, 13] . EC has been used to characterise deposition velocities in rural sites and over forests [12, 14, 15] , over ice and snow [16] [17] [18] [19] , and in urban environments to characterise emission velocities (i.e., upward fluxes) [20] [21] [22] [23] [24] [25] .
There are several factors influencing dry deposition of aerosol, mainly the friction velocity, the particle size, boundary layer conditions (turbulence intensity), atmospheric stability, and collecting properties of the surface. There are many models that try to explain and parameterise the deposition process in complex surfaces by taking into account several mechanisms characterising turbulent fluxes [26] [27] [28] . In other cases, the simpler parameterisations of dry deposition velocities Vd as function of friction velocity * and of stability (through the Monin-Obukhov length, ) are used [12, 13, 15] . These parameterisations could be used in transport and dispersion models to take into account the transfer of materials from atmosphere to the surface. In general, the nondimensional ratio Vd/ * appears to be smaller in stable atmospheric conditions with respect to unstable conditions [29] .
In this work an analysis of the correlation between dry deposition velocities, taken over different surfaces, and friction velocities as function of stability is discussed. Measurements refer to both PM2.5 mass fluxes and particle number fluxes.
Measurement Sites
The datasets analyzed in this work were taken in different experimental campaigns over a wide range of surface roughness conditions, from almost smooth surfaces (i.e., iced surfaces in Antarctica) to surfaces with different degrees of complexity: urban background, urban canopy, and industrial district (in Italy) or patchy Venice lagoon surface (Italy). In the following sections each experimental site and campaign have been briefly described and the details of the sites characteristics are summarised in Table 1 and shown in Figure 1 . The micrometeorological measurements were used to evaluate the displacement height and the roughness height 0 for each site (Table 1) using the method reported in [30] , which uses similarity relationship for sonic temperature and vertical wind component.
Venice Lagoon (Mazzorbo Island, North-Eastern Italy).
Measurements of PM2.5 concentrations and fluxes were performed at a background site placed on the island of Mazzorbo, in the Venice lagoon at 10 m above the ground. The measurement site (45 ∘ 29 09.5 N, 12 ∘ 24 12.7 E) was a field located at about 8 km NE of the Venice town. This site was located very close (about 5 m) to the water lagoon at the W-SW side, while, in the other directions (north, east, and south), it was characterised by land for about 1-2 km with short vegetation, some small trees, and one or two-floor houses, although channels and water were also present in this area (Figure 1(a) (Figure 1(b) ). The urban background area is characterized for at least 1 km in all directions by the presence of patches of trees (8-10 m tall) and small two-storey buildings and some roads with no industrial releases nearby. Due to the proximity of urban areas, the site can be categorized as an urban background area. Measurements were taken at 10 m above the ground. More details on this site can be found in [32] or [33] . Victoria Land (Antarctica). The NIS is a permanently frozen branch of the Ross Sea that penetrates into a region of about 35 × 70 km 2 , surrounded by complex topography. Because of its remote inland location, the site appears ideal for sampling unperturbed atmospheric aerosol characteristics ( Figure 1 .0 E). More details on the site can be found in [19] .
Bologna Industrial District (Central Italy
)
Maglie Urban Site (South-Eastern Italy).
The measurement site was located in the NE boundary of the town of Maglie in the Apulia regions in the SE of Italy (40 ∘ 07 38.39 N, 18 ∘ 17 59.50 E). The site could be considered an urban background site influenced by an industrial area. The town is extending mainly in the sector of wind direction between SE and SW and the countryside is in the sector between NNO and E. In the town direction the site is characterized by the presence of small buildings (1-2 storeys) and roads with relatively high traffic volume (Figure 1(f) ). 
Instrument Setup
In all the experimental sites, micrometeorological flux systems based on the eddy-covariance (EC) technique were used to measure vertical turbulent fluxes of momentum, tracers, and energy. The measuring station was based on a threedimensional ultrasonic anemometer (R3 Gill Instruments Advances in Meteorology 5 Ltd., Lymington, UK), operating at 100 Hz in calibrated mode. A slow-response thermohygrometer (Rotronic MP100A) was installed in order to measure temperature and relative humidity during the campaigns. An infrared optical sensor pDR-1200 (Personal Data logging Real Time Aerosol Monitor by Thermo Electron, Mie Corp.) was used to measure PM2.5 concentrations and fluxes during the field campaign in Lecce (2005), Venice lagoon, and Maglie, as reported in Table 1 . The pDR-1200 was operating at 1 Hz in active sampling (4 L/min) and it was equipped with a cyclone (2.5 m cut-off at the 4 L/min flow rate used, model GK2.05) for PM2.5 selection [35] . It was verified that exists a delay 0 , about 2 s, between change in mass concentration and the effective measure of pDR-1200. This delay has been also verified by searching the maximum of the absolute value of the covariance between the vertical wind velocity and the concentration time-series and it has been taken into account in the evaluation of the turbulent fluxes. Atmospheric aerosol can be highly hygroscopic and it can absorb water vapour at high relative humidity changing dimension, density, and optical properties; this process modifies the scattering and absorption coefficients of particles and then it modifies the response of the optical detector used [36] . Therefore, measured concentrations were corrected, using the procedure described in [33] , to take into account the role of relative humidity.
In Antarctica, Bologna, and Lecce (2010) sites (Table 1) , instrumental setup included a Condensation Particle Counter (CPC-Grimm Aerosol, model 5.403) that measured the total particle number concentration (PNC) with a sampling frequency of 1 Hz. The performances of this CPC are analyzed by [37] . The CPC output was connected to the analog inputs of the anemometer by means of a digital-toanalog conversion with a simple two-channel interface. More information about the used instruments configuration is reported in [19, 25] . The particle losses for the inlet system were calculated according to the formulation of [38] for the laminar flow inside the last part of the inlet and according to [39] for turbulent flow in the large section tube. The results show that the cut-off diameter (at 50% efficiency), D50, is about 9 nm. Therefore, the system used was able to detect particles of between 9 and 1000 nm (i.e., the upper limit of the CPC). Like for the pDR-1200, the delay in the inlet tube between concentration and velocity fluctuations was taken into account in the evaluation of the eddy-covariance.
Method and Data Processing
All datasets have been reduced in the streamlines reference system [40] with three rotations using linear detrending of time-histories in order to remove variations related to synoptic time scales [41] and an averaging time of 30 min. Before the computation of turbulent fluxes, the basic instrumental and physical corrections have been applied to the measured time series. Spikes as well as runs with wind directions contaminated by tower/obstacles distortions were discarded. A stationary test has been performed for data series, after the process of detrending [42] , in order to individuate nonstationary cases. The nonstationary cases have been eliminated from successive data analysis and the percentages of occurrence of these cases are reported in fluctuations [43] . It is useful to normalize aerosol fluxes using the aerosol concentrations obtaining the deposition velocity:
where are the fluctuations of the vertical wind velocity, the fluctuations in aerosol concentrations, and the average aerosol concentration. The averaging period for application of the eddy-covariance was 30 minutes for all the measurement campaigns. In the measurement campaigns analysing PM2.5 fluxes, was a mass concentration of PM2.5; in cases in which the particle number fluxes were analysed, was the particle number concentration. EC measurements with wind velocities lower than 0.5 m/s (wind calm) were removed as they are considered unreliable for calculation of fluxes due to low turbulent mixing.
In the campaigns in which the measurements of latent heat fluxes were available the aerosol fluxes were corrected for variation in air density due to the water vapour fluxes following [44] . No correction was made for variation in density due to heat flux, because heat fluctuations are assumed to be dissipated in the inlet tube [45] . The amounts of these corrections are reported in Table 2 .
Measured aerosol fluxes were also corrected for the high frequency losses due to the limited time response of the instruments used. The first-order time response of the pDR-1200 used for measurements of PM2.5 fluxes was 1.1 s and that of the CPC used for measurements of particle number fluxes was 1.3 s. The correction of high frequency losses was performed following the method proposed in [46] . However, in the Antarctica dataset, this method of correction appears to give an overestimation of the correction likely due to the strongly stable conditions. Thus an alternative 8 Advances in Meteorology method was developed that used a low-pass digital filter (firstorder Butterworth) approximating the CPC response to a concentration step measured in laboratory as discussed in [19] . The strengths of the high frequency loss corrections are reported in Table 2 .
Results
Dry deposition velocities have been analysed selecting downward fluxes for the different datasets to separate emission (upward fluxes often associated with local sources) from deposition processes [47, 48] . In general, under turbulence conditions, especially during daytime, dry deposition is controlled by the settling velocity, aerodynamic resistance, turbulent diffusion of the particles (Brownian motion), and their impaction and interception [26] . In general terms the deposition velocity is often parameterised as function of the friction velocity and of atmospheric stability [12, 13, 15] . Specifically, it parameterised the ratio Vd/ * as a function of . In Figure 2 , the dependence of Vd on friction velocity * for each dataset referring to PM2.5 mass fluxes is reported. Results in Figures 2 and 3 are obtained segregating the data in intervals of * . Different intervals of * were selected to optimize the number of data points within each interval and, in each interval, the average and the standard error of Vd were calculated. In Figures 2 and 3 the horizontal bars represent the intervals in friction velocity and the vertical bars represent the standard error of the average deposition velocity within the specific interval of * . In Figure 2 , four cases have been separated: all stabilities, only cases with > 0, only cases with < 0, and only cases in strictly stable conditions ( / > 0.1 with indicating the measurement height). In Figure 3 the same analysis is reported for particle number fluxes. These figures show that even if there is some scatter in the data, deposition velocity grows with friction velocity both for PM2.5 and for particle number fluxes, even if they are measured with different instruments and over different surfaces. This growth is almost up to a friction velocity of * = 1 m/s. Other studies also displayed a linear or close to linear dependence of Vd on * for particles in the accumulation mode [15, 22, 43] . Results in Figure 2(b) show that at the urban site the increase of Vd at low * (lower than 0.2-0.3 m/s) is quite limited especially in stable cases. This could be due to a larger influence of urban obstacles and differences of roughness with wind direction considering that low * are generally associated with low wind velocities with larger fluctuations in wind direction. Our datasets cannot characterize definitively the dependence of particle fluxes on stability conditions and eventually this dependence may be indirect and expressed by the dependence of * on atmospheric stratification, although there are some evidences for an increase in particle Vd in unstable conditions and a reduction with stable or neutral atmospheric stability. As reported in [13] , just few studies have been able to quantify the influence of stability with high degree of statistical certainty.
In Table 3 , the average (with standard deviation) and median (with 25th and 75th quartiles) values are reported for deposition velocities, fluxes, concentrations, and normalized deposition velocities (Vd/ * ) considering whole dataset, that is, data in every atmospheric stability conditions. In Table 4 the same variables are reported for a selection of cases in unstable and quasineutral atmospheric conditions ( < 0). In Table 5 the same variables are reported for a selection of cases in stable and quasineutral atmospheric conditions ( > 0). Finally, in Table 6 all these variables are reported in conditions of strictly stable atmosphere ( / > 0.1). Results show minimal differences in the ratio Vd/
* measured with different instruments over grass, water, iced land, or built and patched surfaces even if the actual values of Vd and * are significantly different. This probably is due to the fact that friction velocity carries most of the information regarding the surface effects. Further, a significant difference between average and median values that is likely associated with the nonsymmetrical distributions of Vd/ * and with the sensitivity of average values to outliers is observed. The effects of postprocessing and the detailed response of the instruments could be further analysed and results show a certain scatter in Vd/ * values, as observed also in [29] . The results seem to indicate that a first parameterisation of Vd, for example, to be used in pollution transport and dispersion modelling, could be based on using the Vd/ * ratio with a constant value or differentiating two values: one for stable conditions and the other for unstable/neutral conditions. Considering together all the datasets, an average value of Vd/ * equal to 0.010 ± 0.0017 (median value 0.0062 ± 0.0015) represents the cases for all stabilities. This value is reduced to 0.0097 ± 0.002 (median value 0.005 ± 0.001) considering cases with > 0.
Conclusions
Dry deposition of particles is a key process in atmospheresurface exchange. The analysis and the parameterization of the processes affecting vertical transport and exchange of particles are a relevant research topic for air quality dispersion modelling and for climate modelling. There are several factors influencing dry deposition of aerosol, mainly the friction velocity, the particle size, boundary layer conditions (turbulence intensity), atmospheric stability, and collecting properties of the surface. In this work, an analysis of the correlation between dry deposition velocities, taken over different surfaces, and friction velocities as function of stability is discussed for both PM2.5 mass fluxes and particle number fluxes. Results indicate that deposition velocity increases almost linearly with the increase of * , up to a friction velocity of around 1 m/s. This happens with similar slopes for PM2.5 fluxes and for particle number fluxes measured with different instruments over the different surfaces. This means that the average ratio Vd/ * tends to collapse towards a constant value even if the absolute values of fluxes and concentrations are significantly different. This probably is due to the fact that the friction velocity carries most of the information regarding the surface effects. Only limited effect of stability is observed with a slight reduction of the deposition velocities at fixed * in stable conditions. Considering together all the datasets, an average value of Vd/ * equal to 0.010 ± 0.0017 (median value 0.0062 ± 0.0015) represents the cases for all stabilities. 
